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TWq`Z % g X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conductance h2 (W/m K)2
2conductance h1 (W/m K)
Tamb
z= z2







ºEac]^ g Z| 	  (R !FS"
( 	*`!#e 





[Y\]o`oAZ g TWq`Z g X-de*[Y\]_bpS^["TacQaTUP




α2 1.1 × 10
−4 m2/s
[\]oboZ g Tq`Z g X-de*p`a°^bRaQaTUP
h1 3 × 10
4 W/m2K





















































square side length (meter)
power = const
pow. dens. ~ 1/length
pow. dens. = const
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TWZYXoAZ g d=T^ g Zko g \]z`cZYX¤d]_bpL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ºEac]^ g Z${-Rq`\=RTWq`Z g Z6R^`T¨\]ETrde¶Qac_`d
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®`deXo`cZ´Rq`\=R?TWq`ZkaXobdN["T\e[a g [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TWa\N_*/l´R¨acc^bRUT g deTZ7pac_£Tq`Z g deobq*¡¶NZYZ6o`a_bLT\]TWd]oA\=.Z g [Y\]_bRTWd]_5T6¡Az`^ST/[\]_[ZY_5T g deTac_`LaTkac_wd]_
d g Z7d¨TqbdeTh]ZTrRhRXd]cZ g de_bpRXd]cZ g ¡]cZ6dNp`RET\$d/p g d]X-d=Ta¦[ac_b[ g Z6dNRZ\e&RTZ6dNpSP5FRTWdeTZmTZ6XoZ g deT^ g Z]
x¨_TWq`Z\]Tq`Z g qbd]_bp&¡A¶]ZYZ6o`ac_`LoA\=.Z g pSZY_RaTUP[Y\]_bRTWd]_5T´z g a_`5RTZ6XoZ g deT^ g ZpS\=_*  qbZ(Xacp`p`Z
[Y^ g ]ZacR?\ g d±oA\=.Z g pSZY_RaTUP(TWqbd=Tha¦R?¶]Z6oSTho g \]oA\ g Tac\]_bd]QT\±TWq`Za_QNZ g RZ\ecZY_`]Tq*  q`a¦R g Z6R^`TrR?ac_
TWZYXoAZ g d=T^ g ZkzZ6a_b g \]^`Nq`cPL[\]_RUTrde_5T6¡Q\]_bPLRac]q5TWP-pSZ7[ g Z6d]Rac_`aTqZ6_`eTWq* Z6_b[Z¨TqbZ g ZYNa\N_
aba ÞMcedffd
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RTZ7d]pSP5­RUTrd=TWZTWZYXoZ g deT^ g ZX-d PzZ7[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g Z6dNR\N_`ac_`
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®SZ6[Y^STac\]_[\ g Z]¡
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Z±TZ6Xo\ g d]TZYXoAZ g d=TW^ g Z±=d g a¦d=Tac\]_RY
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d
TWZYXoZ g deT^ g Z-\NRW[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OS\Tq`Z-oAZ g a\Spa¦R±Tq`Z
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R\]^ g [YZ]¡]zAZ6[6de^bRZ´\]&Tq`Z¨q`ac]q`Z g oA\=.Z g pSZ6_bRaTUP£·
7 W/mm2
SR6
12/4 = 3 W/mm2
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d/oA\NRWRacz`cZ´d P(T\
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acccdeTac\]_L g Z6©5^`Z6_b[PN
H>  
:DFA   I 
:D EMCCI  FK
¬­_\ g pSZ g T\/¶NZYZ6o$TWZYXoAZ g d=T^ g ZzAZYc\=TWq`ZTWq`Z g X-de`caXaT
Tmax
¡NX\SpSZ g _o g \S[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Zo\=mZ g [Y\]_bR^`XoSTac\]_q`Z6_9TWZYXoZ g deT^ g Z-deo`o g \5d][rq`Z7R
Tmax
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c\Q[r¶\ g
RZYNZ g de*Xa¦[ g \NRZ6[Y\]_bp`RqbZY_`Z6]Z g Tq`Z$\]_S­[rq`acoTq`Z g X-d]RZY_bR\ g ac_bpSa¦[YdeTZ7RTqd=T´TWq`Z(TWq`Z g X-deacXaT
Tmax
a¦RZ®`[YZYZ6p`Z6p:5 t8J.¬­_Tq`Z g Z6Xd]a_ba_`¡S.Z$d]RWR^`XZ/de_\N_SJ\]°TqbZ g Xd]&Tq g \]TTcac_`LXZ6[rqbd]_`a¦RX
aTq dp`^STUP¥[YPS[cZq`a¦[rq d]p iU^bRTWRde^STW\]X-d=TWac[6decPT\TWq`ZX-d=®SacX^`X o\5RRazbZ=d]^`ZN  qbacRacR
dN[rq`acZY]Z7pRacXo`cPz5PRT\No`o`ac_`TWq`Z£[c\S[r¶w\ g d %`®SZ6p\e°A3TWaXZq`ZY_`Z6]Z g TWZYXoZ g deT^ g Z g Z7d][rq`Z7R
Tmax

 ^ g a_`Tq`Z¨\e°A3TWaXZN¡5pSPQ_bd]Xac[´o\=mZ g [Y\]_bR^`XoSTWa\N_LacR. g Z6deTcP g Z6pS^[Z6p*l¨R?\ g RTWdeTa¦[o\=mZ g
ac_c\]Nac[/[Ya g [^`aTWR6¡AaT±[Yde_£zAZ$p`Z6[ g Z6dNRZ7pz5P^bRa_bq`ac]qS
Vt
RZ6ZYo£T g d]_bRacRT\ g R`5c|^<e8F¬­_£TWq`Z g ZYX-d]a_S
ac_`¡mZ(a¦pSZ6d]a21YZ/TWq`a¦R¨RaTW^bd=TWa\N_zQPdNRR^`Xac_`d-_Q^`cE[Y\ g Z/o\=mZ g [\N_bR^bXo`Tac\]_pS^ g ac_`L\e°TacXZ6R
·3d][T^bd]cP]¡`R\]XZ/RUTrd=TWac[koA\=.Z g acRRTacpSacRWRaobdeTZ7pac_£[Yd][rqbZ6Rde_p\]Tq`Z g Xa¦[ g \Nd g [rqbaTWZ6["TWZ6pLTWdezbZ7RW¹










g ^`cZ´\]*TqQ^`X$z\ g TWZYXoZ g deT^ g Z´\5R[Yac¦d=Tac\]_RY¡5q`ZY_
o\=mZ g pSZ6_bRaTUPLpS\N^`z`cZ6R6¡NTWq`Zk\e°A3TWaXZ±Rq`\N^`¦p




X-de®QacX^bXTZ6XoAZ g d=TW^ g Z
Tmax = 85 
j¨
  %'=/  -
() 6   Y.
« qbZY_TU.\TWq g Z7d]p`Rd g Z±Z®SZ7[^STWZ6pdeTZ g _bdeTZYcPL\N_do g \S[Z6RWR\ g ¡QdoA\=.Z g pSZY_bRaTUPL\NRW[ac¦d=TWa\N_
X-d P
zAZNZY_`Z g deTZ6p§deTR\NXZ9o\Na_5TWRL\e±Tq`Zw[rq`ao¡aTWq doZ g ac\Sp¥Z6©5^bde´T\TWq`Z9R^`X \]±TacXZwRcac[YZ6R
\]Z6d][rqTWq g Z6d]p*  q`acR\S[Y[^ g R(TUP5obac[6decPq`ZY_\]_`Z-TWq g Z6d]p^RZ7Rd£^`_baT$TqbdeTTqbZ\eTWq`Z g Tq g Z6dNp
^RZ7RLac_S g Z7©5^`ZY_5TcP]¡´Z] bc¡Tq`Zb\NdeTac_`eFoA\]ac_NT
^`_`aT6¡´\ g q`Z6_ Tq g Z7d]p [rqbd g dN["TZ g a¦RTa¦[YR-NaNZX\ g Z
\No`oA\ g T^`_`aTacZ6R\ g [c\S[r¶5d=Tac_`£·ZN ¡b\]_`Z±TWq g Z7d]pZ®SoAZ g aZ6_b[Z7Rd\]T\e?[YdN[rq`Z±Xa¦RWRZ7RW¹.ºEaN^ g Z47
Rq`\=Rkde_dezbRT g d][T¨QaZ6¼\edo g \S[Z7RR\ g [\ g ZN¡Aqbac[rqw.Z g Z6o g Z6RZY_5TkdNRkd
5 mm × 5 mm
R©5^bd g Z
oA\=mZ g R\]^ g [YZpSa¦RRaod=Tac_`
1 W/mm2

	*ZT±^bRk[\N_bRa¦pSZ g d^`_`aT6¡&q`a¦[rq9mZ g ZYo g Z6RZY_5T¨dNR¨d
RX-d]
aba ÞMcedffd










power density scaling *2.14
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RW©5^bd g Z]¡]TqbdeT.a¦Rh^bRZ6p-zQP$Tq g Z6dNp |´de_bp_b\eT.^RZ7pz5PTWq g Z7d]p {SE« q`Z6_-Tq`Z¨^`_`aT
a¦R¨^bRZ7p&¡A.Zd]RWR^`XZ(aTkp`acRWRacobdeTZ6R
4 W/mm2
´«Z$dNRR^`XZ/TWqbd=T±d-TqbZ g Xd]RZY_bR\ g acR¨c\Q[6d=TWZ6p£d=T
TWq`Z´[YZY_5TZ g \eATq`Z´^`_`aT6?«Z´d]RWR^bXZ
Tamb = 40 




j¨N« q`ZY_-TWZYXoAZ g d=T^ g Zac_Tq`Z¨^`_`aT¢Z®`[YZYZ6pbR







RWdeXZ/o g ac\ g aTUPde_bp£d g Z/_`\]T´o g ZYZ6Xo`TZ6p*OS\LZ6dN[rq
TWq g Z6d]pqd]RTWq`ZRWdeXZ %`®SZ6pTWaXZRcac[YZ]« q`ZY_
TWq`ZLTWq g Z6d]p[^ gWg Z6_5TcP g ^`_`_`ac_`9qd]R(ZY®Sqbde^bRTZ7paTWRTacXZRa¦[ZN¡TWq`Zx±O g ^`_R(TWq`Z\]Tq`Z g Tq g Z7d]p&¡
d]_bpR\\]_l¨R(dXZ7d]R^ g Z$\].oAZ g \ g Xd]_b[ZN¡*mZNaNZTWq`Z g d]["TWa\N_9\]j f ³ TWaXZ^bRZ6pzQPZ6dN[rq
TWq g Z6d]p*¡`_`\eTk[\]^b_NTWa_b-a_TWq`acR g dN["Tac\]_TWq`Z/TacXZ(c\NRT´zZ7[Yd]^bRZ/\]TWq`Z g X-deTq g \eTTca_`º`\ g Tq`Z
ac_`aTa¦deTWq`Z g X-de&RUTrd=TWZ]¡SmZkdNRR^`XZ´TWqbd=T\ g
t < 0
Tq g Z7d]p |±qbdNR.zAZYZ6_ g ^`_`_ba_`dec\]_bZ´\ g dc\]_`
TWaXZN¡`a3 Z]c¡QTqbZk^b_`aTa¦RmTqbZ g Xd]cPRWd=TW^ g deTZ7p&  qbZY_\ g
t ≥ 0
¡QTWq g Z6d]pbR |/de_p {d g Z¨ZY®SZ6[^`TZ6p
d]TWZ g _bd=TWZYcP]ºEaN^ g Z 
(Rq`\=RETWq`Z g d][Tac\]_\ej f ³ TacXZ´^bRZ6pzQP$Tq g Z6dNp |´dNRhd±^`_["Tac\]_\eTq`Z
TWaXZRcac[YZ]¡d=ªTWZ g |$RacX^`¦d=TWZ6pRZ6[Y\]_bp*  q`Z$RZ6[Y\]_bp[^ g NZ(\]_ %bN^ g Z 




d]_bp9oA\=mZ g pSZ6_bRaTUPwRW[Yd]Z7p9^bozQP9d²dN["TW\ g
λ−1.1 ≈ 2.14
·3["U.OQZ7["TWa\N_{`| ¹"¡`d]RRq`\=_\]_ºEaN^ g Z`7
ºEac]^ g Z 
Rq`\=RLTWqbd=TTqbZoAZ g \ g X-de_b[YZ9\](Tq g Z6dNp |pSZ6[ g Z7d]RZ6RRac]_`a %[6de_5TcP§q`ZY_:Tq`Z
TWaXZRca¦[Zac_b[ g Z7d]RZ6R(·²\]_TWq`a¦R´ZY®Sd]Xo`ZN¡X\ g Z(Tqbd]_{eu
	oAZ g \ g X-de_b[YZ(c\NRWR¨[Y\]Xobd g Z6paTq9Tq`Z
X-de®QacX^bX 
eu
	j f ³¥ g dN["TWa\N_¹"E« q`ZY_[a g [^`aTWR?pSacXZY_bRac\]_bR?d g ZR[6decZ6ppS\=_$d]_bp$o\=mZ g pSZ6_bRaTUP
a¦Ra_[ g Z6d]RZ6p*¡TWq`Zo g \]z`cZYX a¦R$Z6]Z6_.\ g RZ]ºEac]^ g Z






*« q`Z6_TWq g Z6d]p {´a¦R g ^b_`_`ac_`b¡ TWZYXoZ g deT^ g Z
p g \NobRmzZ7[Yde^RZk_`\o\=mZ g a¦RpSa¦RRaod=TZ7pLac_TWq`Z/^`_`aT6?« qbZY_Tq g Z6dNp |±acR g ^`_`_ba_`¡5TZYXoAZ g d=TW^ g Z
ac_b[ g Z7d]RZ6Rm^`_5Tac*TWq`Z(X-d=®SacX^`X TZYXoAZ g d=TW^ g Z±a¦R g Z6d][rqbZ6p&  qbZY_Tq g Z6dNp L|/a¦RTWq g \]TTWZ7p&.l¨R[Yd]_
zAZ¨RZYZ6_L\]_
ºac]^ g Zkt`¡NTWde¶Qac_`$d$Rqb\ g TZ g TacXZ¨Ra¦[ZN¡Qp`Z6[ g Z6dNRZ7RTqbZkd]XobaT^bp`Z¨\]&Tq`Z´TZYXoAZ g d=TW^ g Z
\5R[Yac¦d=Tac\]_¡`de_bp£d]c\=RmTacXZ­d ]Z g deNZTWZYXoZ g deT^ g Z±T\-zAZ[Y\5RZ g T\
Tmax
  q`acR´acc^bRUT g deTZ7Rq`\=
dRq`\ g TZ g TacXZ(Rcac[YZ([Yde_ac_b[ g Z6dNRZkoZ g \ g X-d]_b[Zk\]_TqbZ g Xd]cP[Y\]_bRT g deac_`Z6po g \Q[YZ6RWR\ g R6
 q`Z/X-d]a_ac_bRac]q5T g \]X Tq`a¦RZ®`d]XobZ/a¦RTqd=T6¡ba?oA\=.Z g pSZY_bRaTUP\]_^STW^ g Z/o g \S[YZ6RWR\ g Rm¶]Z6ZYobR
g a¦Rac_`aTq TZ6[rqb_`\]c\]NP¥Rq g a_`¶Qac_`b¡TWde¶Qac_`Rq`\ g TWZ g TacXZRa¦[Z7RX-d P¥Z7RRZY_ TWq`ZwTZYXoAZ g d=TW^ g Z
[Y\]_bRT g deac_5T6¡Z6RoAZ6[a¦deccPac_ RZ g NZ g F[YcdNRRo g \S[Z7RR\ g RYx´([\]^ g RZ]¡Rq`\ g T-TacXZwRa¦[Z7RLac_b[^ g R\NXZ
[6d][rq`ZoAZY_bd]TUPN¡md]_bpTWq`a¦R-qbd]R$TW\zZTWd]¶]Z6_ac_5T\d][6[\]^b_NT7«Z g de_¥OSaXo`cZ6RW[Yd]cd g \N^STF\eªF\ g pSZ g
Xa¦[ g \Nd g [rq`aTZ7["TW^ g ZX\SpSZYb5 {^8aTqd 
`|7{ ±zQP5TZZ6]Z6U{k[Yd][rqbZde_bpaTqd/RT g a¦pSZo g ZZYTW[rq`Z g E«wZ
XZ7d]R^ g Z¨TqbZk¬ f j d]_bpmZ/d]RWR^bXZ±d 
kq1/[c\Q[r¶«Z([\]_Ra¦pSZ g Z6p\]_`cP
{[YdN[rq`ZkZ6]ZY¦R6³´o\N_d
cZYNZY­{[YdN[rq`Z´Xa¦RR6¡QTq`ZkXacRWRa_`z`c\S[r¶-acR g ZT g acZY]Z7p- g \]XX-deac_XZ6X\ g PN¡QaTWqd]_ac_`aTWacd]cdeTZY_[P
\]| 
]uj f ³ [PS[cZ6R6  \]ZYTkde_9acpSZ7d\]?Tq`Z[YdN[rq`ZoAZY_deTUP£a_b[Y^ gWg Z7p£zQPd
Rqb\ g T´TacXZRcac[YZ]¡.Z
^bRqdec[6d][rq`Z7R.Z6]Z g P£|±XaccacRZ6[Y\]_bp&¡QTWqbd=Ta¦R6¡`ZYNZ g P 
Xaccac\]_bR[YPQ[YZ7RY  q`Z/m\ g RTmoAZ g \ g X-de_b[YZ
c\NRWR(\NzbRZ g ]Z6p\N_TqbZO f mj¤j f ³ {euNu]u£a¦R$d]z\N^ST   	¡?aTWqde_d ]Z g deNZoZ g \ g X-de_[Zc\NRWR(\]
d]z\N^STH/	 ·mZ¨NZTRcaNq5TcP-q`aNq`Z g oAZY_bd]TWaZ7R.qbZY_mZ¨p`acRWdez`cZ¨Tq`Z±RUT g a¦pSZ¨o g ZYZTr[rq`Z g ¹"¬FTRq`\N^`¦p
zAZ±_`\eTWZ6pTqbdeTTq`Z7RZ±d g Z¨m\ g RT­[Yd]RZ_Q^`X$zZ g R6¬­_ g Z6d]aTUPL[YdN[rq`Z6Rd g Z´_b\eT b^bRq`Z6p*  q`Z±.\ g ¶Qac_`
RZTrRk\e¢TWq`ZpSa°Z g ZY_5T±Tq g Z7d]p`R±Rqbd g Z(TWq`Z-[Yd][rqbZ[6deobdN[aTUP]/¬Fm[6d][rq`Z7R±d g Zz`acZY_`\N^`]q£TW\q`\]¦p9d]
 Ô \ X3ÑÓÐ \ ß"ÚYXM_ \ ÒÕrÖ7Ú \ ßrÜX3Ô \ Ù3ÐÕ  XJÔ Ù²ßXYX  ÑÓÞ^]kÑÓÚ \ ÕrÚ3Ñ  Ý × \ Þ \ ×Ô \ Ù \ Û V X¢ÑÓÚ XJÔ \ XJßXJÕ  X3ÑÓÐ \ Ú3Ï \ ÞX [ Ñ XJÔ XJÔ \
Ò  ßYÒ´Ú)X3ß"Ï Ï \ ×5Û V Übß"Þ \ Ö Ú \ Ú× Ý Þ ÕrÐÑÓÒß  XFÕ] \ ÚJÒÕ  ÑÓÞ^] Z X3Ô \ XJÑÓÐ \ ß"Ú)XÑÓÚÐß"Ù \ × Ñ ÒUÖ  X X3ßÐ \ ÕrÚ3Ö Ù \Z _ Ö.XÒß"Ö  ×`_ \
× \ Þ \ ×/ÕrÚXJÔ \ X3ÑÓÐ \ [\b[ ß"Ö  ×4]ÕrÑÓÞ¨Ñ ÜX \ ÐÏ \ ÙJÕX3Ö Ù \J[\ Ù \ Þ ßX  ÑÓÐÑ X \ ×5Û
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m\ g ¶Qa_bRZTrR(aTq`\N^ST[Y\]_ ac[TWR6¡TWq`ZY_TWq`ZLoAZY_bd]TUP g \]X TWde¶Qac_`9dRq`\ g T/TWaXZ
Rcac[YZRqb\]^`¦pzZ
_bZY]cac]acz`Z[\NXobd g Z6p/aTqTWq`Zo\]TZY_5TWacd]5oAZ g \ g X-de_b[YZ.5deac_bR^`_bpSZ g d¨RT g \]_`¨TqbZ g Xd]S[\]_RUT g d]a_5T6
 ZY]Z g TWq`ZYcZ6RWR6¡eaT.Xd P$zZ7[\NXZ_bZ6[Z7RRWd g P]¡]a_^STW^ g Zo g \Q[YZ6RWR\ g R6¡ T\([Y\]_bRa¦pSZ g TWaXZ´Ra¦[Z7R?X^[rq
Rq`\ g TWZ g TWqbde_dXaca¦RZ6[\N_bp&¡Qd]R.acc^bRUT g deTZ7p\]_ºEac]^ g Z 
S¬­_-TWqbd=T[YdNRZN¡N¦d g ]Z\N_SF[rqbaoL[6d][rq`Z7R¢de_p
qd g pSmd g Z±R^`o`oA\ g T\ g ²dNRUTk[\]_5TWZ®QT´RaTW[rqbZ6RX-d P
zZ/TWq`Z(\N_`PR\]c^STac\]_T\LT\]cZ g d=TWZ/Rq`\ g TTWaXZ
Rcac[YZ6R6  qb\]^`Nqcd g NZ 	{de_bp 	 /
[Yd][rqbZ6RkpS\
[Y\]_5T g azb^STZT\
Tq`Z\=]Z g d]RTWdeTa¦[oA\=mZ g [\]_R^`XoS
TWa\N_*¡TqbZYPqbd NZ$d g Z6cdeTac]Z6Pc\=o\=mZ g pSZY_RaTUPde_bpwd g Z$_b\eTkTq`Zq`\]TTZ7RUT g ZY]ac\]_R´\]hTq`Z-[rq`aco*
j.\N_bRZ6©5^`ZY_5TWPN¡5mZ±zZ6acZYNZ±TqbdeTcd g NZ¨\N_SF[rqbao[YdN[rq`Z6Rmac&zAZ6[Y\]XZ(de_a_pSa g Z6[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­[\ g ZN¡`T g PQa_bLT\
^bRZzA\eTqw[\ g Z6R
Z6]Z6_`PTW\Xa_baXa21YZ$Tq`ZoZ7de¶TZ6XoZ g deT^ g Z]\=mZYNZ g a¢mZp`\LTqbacR6¡.ZX-d P
d]RTZ$o g \S[YZ6RWR\ g
oAZ g \ g X-de_b[YZ]E¬­_
\]Tq`Z g .\ g p`R6¡ g ^`_b_`a_bTUm\TWq g Z6d]pbRmRacX^`TWd]_`ZY\N^bRcPX-d P-zZ/R^S»L[acZY_5T.TW\$¶NZYZ6o
[Y\ g Z6R*Tq`Z g X-deccP(RdeT^ g d=TWZ6p&¡=q`accZ g ^`_`_`ac_`kd¨Ra_b]cZ¢TWq g Z7d]p/X-d P/_`\]T6  q`Z g Z\ g ZN¡7ac_\ g pSZ g T\kzZ7RUT
ZY®So`\NaT¢d  jm¸j¨¡eTqbZkx±ORq`\N^`¦pTrde¶NZa_5T\(dN[Y[Y\]^`_5T?TqbZTq`Z g X-d]bRUTrd=TWZ\eTq`Z´q`\]cZX^`Ta­[\ g Z]
	T>     IWA   DFA GTI  FK @ ACDFEHG
« qbZY_
RW[rq`Z7pS^`ca_`Tq g Z6dNp`R.\]_dX^`TaJo g \S[Z7RR\ g ¡NR\]XZ¨\]oAZ g d=Tac_`RPSRTZYX-R.ac¶]Z 	*ac_Q^S®-Xd]a_5Trdeac_
dRZYobd g deTZ 	 	 		.\] g ^`_`_bd]z`Z´Tq g Z6dNp`R.\ g Z6dN[rqLo g \S[Z6RWR\ g 5c|6u
8J.x¨_d  jm¸wj¨¡SdRac_`NZ g ^b_
©5^`Z6^`ZRZ6ZYX-R?X\ g Z_bd=TW^ g deJ¡]d]R?[Y\ g Z6REa_ b^`ZY_[ZZ6dN[rq$\]Tq`Z g Tq g \N^`]q]c\]zbd]Qq`Z6deTac_`b Z6_b[ZY\ g Tq*¡
mZ£d]RWR^bXZ£dRa_`NZ g ^`_§©5^`ZY^`ZN ¬­_ 	*ac_5^`®¡.TqbZwj f ³ TacXZ£acRpSaQa¦pSZ6p¥ac_5T\  S.r lmT-Tq`Z
zAZYNa_b_`a_b\]EZ7d][rqZYoA\S[rq*¡SZ6dN[rq·²_`\]_ g Z6deJTacXZ ¹¢Tq g Z6dNpa¦R]ac]Z6_d$TWaXZ(Ra¦[ZkTqd=Ta¦R[\NXob^STZ7p
 g \]XµaTWRzd]RZ
o g ac\ g aTUP ·²d]_bp\ g ¬x´JzA\]^b_bpo g \S[Z7RRZ6R6¡? g \]X TqbZ^b_5^RZ7pTWaXZ£Rca¦[Z
 g \NXµTq`Z
o g Z65ac\]^RZYoA\S[rq¹`5 /
8Fº`\ g _`\]_ g Z6d]JTacXZ/Tq g Z6dNp`R6¡STq`Z$q`ac]q`Z g TqbZ(o g a\ g aTUP]¡STWq`Zc\]_b]Z g Tq`Z/TWaXZ
Rcac[YZ]lmT(Tq`Z
zZ6]ac_`_`ac_`£\ed]_ZYoA\Q[rq¡TWq`Z
RW[rq`Z6p`^`Z g RZYcZ6["TrR± g \]X TWq`Z g ^`_©5^`ZY^bZ-Tq`ZLTq g Z6dNp
aTq
TqbZk¦d g ]Z7RUTRca¦[Z±de_bpZ®SZ6[Y^STZ7R.aT6  qbZ¨TWaXZ/Ra¦[Z¨\ g Tqd=TTq g Z6dNpLa¦RpSZ6[ g Z6XZ6_5TZ6p
d=TZ6dN[rq
TWaXZ g ac_NTWZ gWg ^boST6³_bZ7RRTq`Z/TWq g Z6d]pa¦Ro g ZYZ6XoSTZ7p£zQP
de_b\eTqbZ g TWq g Z7d]paTq£q`ac]qbZ g o g ac\ g aTUPN¡`\ g
N\]c^`_5TWd g acP g ZYcac_b©5^`acRq`Z7RkTq`Z
j f ³ ·²Z] bc¡zAZ6[6de^bRZaT(z`c\S[r¶SRk\ g d]_w¬¯Nx±¹"¡TqbZTq g Z6dNp9ZY®QZ7[^STWZ6R
^b_NTWaaTWRkTWaXZ-Rca¦[ZacRkZ®Sqbd]^bRTZ6p*(lªTZ g Tq`ZTWaXZ-Rca¦[ZacRkZ®Sqbd]^bRTZ6p*¡Tq`Z$Tq g Z6dNpa¦Rk_`\
c\]_b]Z g
g ^`_`_dez`cZ\ g TWq`Z g Z6RT(\emTqbdeTZYoA\S[rq*  q`Z6_Tq`ZRW[rq`Z7pS^`cZ g RZYcZ6["TrR±TqbZL_`Z®QT g ^`_`_dez`cZTq g Z6dNp
aTq
TqbZ/cd g NZ6RTRa¦[ZN¡`de_bpR\$\N_*?« q`ZY_£d] g ^`_`_bd]z`cZ´TWq g Z7d]p`Rqd ]ZkZ®Sqbde^RUTWZ6p-TWq`ZYa g Ra¦[ZN¡QTq`Z
[Y^ gWg Z6_NT¨ZYoA\Q[rqwZY_bpbRY¡&de_pdL_`Z6¼ZYoA\S[rqzAZY]ac_bR Tq g Z7d]p`Rkd g Z(]ac]Z6_9dL_bZY,TacXZRcac[YZ]¡&de_bpTq`Z
[YPS[cZ g ZYoAZ6deTWR6
 \£acc^bRUT g deTZTWq`Z-o\5RRacz`acaTUP9\emTZ6XoZ g deT^ g Z­d md g ZR[rqbZ6pS^`cac_`aTWqpSa°Z g ZY_5T/TWq g Z7d]po g a
















R©5^bd g ZN¡ed]RpSZ6o`ac[TZ7p\N_$ºEaN^ g ZH<S«Z[Y\]_bRa¦pSZ g acp`ZY_5Ta¦[Yd]QTq g Z6dNp`RR^b[rq
TWqbd=T7¡eq`Z6_$ZY®QZ7[^STWZ6p$\]_d¨[Y\ g Z]¡ TWq`Z[\ g ZpSacRWRaobdeTZ
0.2 W/mm2
ZY®`[ZYo`Tac_d¨RX-dec
2 mm×2 mmRW©5^bd g Z±q`Z g Z(oA\=.Z g pSZY_RaTUP
a¦R
2 W/mm2
«Z$dNRR^`XZ±TqbdeTTqbZ g Z(acR´dTq`Z g X-d]RZ6_bR\ g deTTq`Z
[YZY_5TZ g \e.Z7d][rq[\ g Zde_bp9TqbdeT/Z6d][rq[\ g Zqbd]R±d]_wac_bpSZ6oZ6_bpSZY_5T±TqbZ g Xd]Tq g \eTTca_b
XZ6[rqde_`a¦RX
 qbZkX-de®QacX^bXTZ6XoAZ g d=TW^ g Zka¦R
Tmax = 85 
j¨S«Z/RZYTTq`Z±ac_`aTWacd]&TqbZ g Xd]&RUTrd=TZ/dNRaZ6dN[rq
[\ g Z
qd]p(zAZYZ6_ g ^`_`_`ac_`kdTWq g Z7d]p±\ g dc\]_`´TacXZN«Zo g \]oA\NRZ¢de_bpZY=dec^bdeTZ.Tq`Z.\]c\=ac_`kR[rq`Z7pS^`ca_b
XZYTq`\Sp&«Zd]RWR^`XZdkTWaXZ g oZ g ac\Sp$\]
1 ms
¡eZ6©5^bd]ST\±TWq`Z´RW[rq`Z6p`^`ac_`±oAZ g a\Sp&«Zd]RWR^`XZTWqbd=T
TWq`Z(x±OL[Yd]_ g Z6dNpLdecbTWq`Z g X-de&RZY_bR\ g RY¡Qde_p-Tqd=TmTq`Z g ZkacRd$[\]^b_NTWZ g ]acQa_`$TqbZ¨_Q^`X$zZ g \]*TacXZ6R




\] g ^`_`_bd]z`Z$Tq g Z7d]p`R6¡a3 Z]c¡Tq g Z6dNp`R´TqbdeTkqbd NZ_`\]TkZY®Sqbde^bRTZ7p£TWq`ZYa g TWaXZ
Rcac[YZ]¬F
N = 0
¡mZ g ZY_`Z6 d]¢Rcac[YZ6R(d]_bpRUTrd g Td_`ZY ZYoA\S[rq*x´Tq`Z g a¦RZ-a
1 ≤ N < 4
·²ZYa
TWq`Z g zAZ6[6de^bRZ\].d
RX-decc\NdNp\ g zAZ6[6de^bRZ$R\]XZ$Tq g Z6dNp`R´qd ]ZZY®Sqbde^bRTZ7pTqbZYa g TWaXZRca¦[Z7¹¡&.Z
[Y\]Xo`^STWZ/TqbZd ]Z g d]]Z¨TZYXoAZ g d=TW^ g ZN¡baJ ZN¡bTq`Z$R^`X \eTWZYXoZ g deT^ g Z6R\]_TqbZ 7L[\ g Z7RY¡bp`aQa¦pSZ6pzQP
7L«ZLpSZ&%b_bZLdTq`Z g X-dehRWd=TW^ g d=Tac\]_wTZ6XoZ g deT^ g Z
Tsat = Tmax − 3
  q`Z g ZLd g ZTU.\£[YdNRZ7RkT\
[Y\]_bRa¦pSZ g 
  ¾  !*¢7S
	=S Â TqbZ±d NZ g deNZTZYXoAZ g d=TW^ g Z±ZY®S[YZYZ7p`R Tsat de_bpTqbZ g Xd]ATq g \eTTca_`T g aN]Z g Z7pX\ g ZkTqbd]_£\]_b[YZ/Rac_b[Z±TWq`Z(¦d]RTTacXZ g ac_5TZ gWg ^`oST6¢¬­_Tq`a¦R[YdNRZN¡`mZ g ^`_\N_`PTq`Z
N
g ^`_b_bdez`cZkTq g Z6dNp`Rm\ g TWq`Z/_`ZY®5TTWaXZ g oZ g ac\Sp&¡QTqbdeTacR6¡
4 − N
[Y\ g Z6Rd g Z±_`\eT^bRZ6p*
 	  Ã ¾  À 6S 	=S
 Â wTqbZwd ]Z g d]]Z
TZ6XoAZ g d=TW^ g Z£acRzZ6\= Tsat \ g TWq`Z g X-de´Tq g \eTTca_`T g aN]Z g Z7pkdeTX\NRT\N_b[ZN«Z.RZYcZ6["T
4−N
Tq g Z7d]p`R*d]X\]_`TWq`ZhTWq g Z6d]pbR&Tqd=Tqd ]Z?Z®Sqbd]^bRTZ6p
Tq`Z6a g TacXZ(Rcac[YZ]¡`de_p
mZ±]ac]Z¨Tq`Z6X d$TWaXZ(Ra¦[Z±\e\]_bZ¨TWaXZ g oZ g ac\Sp&
 qbZY_mZ g ZYX\=NZ?Tq g Z6dNp`R g \NX¼[\ g Z6R6¡=RZ6Z7["TE_`ZYTWq g Z6d]pbRaTqTq`Z¦d g ]Z6RTRa¦[Z7RY¡ed]_bp/X-deoTq`Z7RZ
RZYcZ6[TZ7pLTWq g Z7d]p`Rm\N_[Y\ g Z6Rma_£d g d]_bpS\NX²d]Rq`ac\]_*¬FTRqb\]^`¦pzAZ/_`\]TZ6pTqd=TTqbZk_bZY:Tq g Z6dNp`Rd g Z
_b\eT_`Z6[YZ6RWRd g accPLpSa°Z g ZY_5T g \]XTWq`Z(\N_`Z6RmTWqbd=TmZ g Z g ^`_`_ba_`Lp`^ g ac_`TqbZ/o g Z6Qa\N^bR.TacXZ g oAZ g a\Sp&
m^STTWq`ZYP$qbd ]Zd±[Z g TWd]a_$o g \]zbd]z`acaTUP±T\ g ^b_$\N_pSa°Z g ZY_5T¢[\ g Z7RY  qbacRE\ g X¼\]AdN["TacQaTUPXac g d=TWa\N_
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\N_`Z] ´\=.Z6]Z g ¡TWq`acR(XZYTq`\SpqbdNRkTU.\o g \]oAZ g TacZ6RkTWqbd=T(mZzZ6acZYNZLd
N\Q\QpRW[rq`Z6pS^bac_`XZTqb\Qp
\ g  jm¸wjmRRq`\]^`¦p
qbd ]Z 
  aTX-d]a_5TWd]a_Rdec*[\ g Z6R[Y\5RZ¨T\TWq`Z g X-de*RWd=TW^ g deTac\]_*¡
  R\NXZTacXZ6RaT g ^b_bRZYmZ g TWq g Z6d]pbR¢TWqbde_£[Y\ g Z6Rmq`ZY_TWq g Z7d]p`Rqd ]Z±pSa°Z g ZY_5To g ac\ g aTWaZ7RY
ºEac]^ g Z   Rqb\=RhTWq`Zk g dN["Tac\]_\ej f ³:TWaXZk\ g dc\NdNp-\eb7TWq g Z7d]p`Rmde_p-\ g =d g ac\]^bR.deXzbaZ6_NT
TWZYXoAZ g d=T^ g Z7RYhx¨_`ZTWq g Z7d]pqbdNR¢d±TWaXZkRcac[YZ\eh|7ukTacXZ g oZ g ac\Sp`RY¡NTUm\±Tq g Z6dNp`Rhqbd NZdRa¦[Z´\e 
S¡
d]_bp/TWq`Z\]^ g TWqTWq g Z7d]p$dkRcac[YZ.\]{´TacXZ g oZ g ac\Sp`R6  q`a¦R g deobq$[\NXobd g Z6RTq`ZRW[rq`Z6p`^`ac_`kXZTqb\Qp
ac_5T g \SpS^b[Z7pLdezA\=]Z$· U²dea g ¹?de_p-TqbZT g ac5a¦deRW[rq`Z6pS^bac_`XZYTq`\SpL[Y\]_bRacRTac_`$\edecd PQRhZ®SZ6[Y^STac_`$d
TWq g Z6d]p
\]_Z6dN[rq[Y\ g Z· UX-de®
[\ g Z7R ¹"
l¨R.[6de_LzAZ´\NzbRZ g NZ6p&¡eTq`Z¨²dea g RW[rq`Z6p`^`ac_`(XZYTq`\SpLpSZ7[ g Z6dNRZ7RhRcac]q5TcPTWq`Z¨T\eTrdeoZ g \ g X-de_[Z]¡
zb^ST(aT/NaNZ6RkX\ g ZoAZ g \ g X-de_b[YZTW\Tq`Z-q`ac]q`Jo g ac\ g aTUPTq g Z7d]p&-º`\ g a_RUTrde_b[YZ]¡deT
Tamb = 30 
j¨¡
TWq`ZT\]TWd]SoZ g \ g X-de_[Z\5RREa¦R < 	¡ezb^SThTqbZq`aNq`Z6RTFo g a\ g aTUPkTq g Z6dNpNZTrRh{
 	,X\ g ZoAZ g \ g X-de_b[YZ
aTq$²dea g RW[rq`Z6pS^bac_`bE¬­_$Tq`a¦R?Z®`d]XobZN¡=aT?Trde¶]Z7Rd¨NZ g P/\=¥deX$z`aZ6_5TETWZYXoAZ g d=T^ g Z±·U|7u

j¹\ g Tq`Z
X$^`TaF[Y\ g Z(T\ g ^`_ 7
Tq g Z6dNp`RkRacX^`TWd]_`ZY\N^bRP£aTq`\N^ST±zZ6a_`
Tq g \]TTcZ6p*º`^`c?oAZ g \ g Xd]_b[Z[Yd]_
\N_`cPzAZ\]z`TWdeac_`Z7p
ac_de_d]a g ­[\]_pSaTWa\N_`Z6pp`deTWdL[YZY_5TZ g de_bpo g \=Qa¦pSZ6p
TqbZ(a_bZYT¨dea g a¦R_`\]T´q`Z6deTZ7p
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100 µs

dT\]TWd]AoAZ g \ g X-de_b[YZ¨\] 7b« q`Z6_Tq`Z±deX$z`aZ6_5TmTWZYXoAZ g d=T^ g ZkacR /Nu

j¨¡  qbZ´TW\eTWd]&oZ g \ g X-d]_b[Z¨acR
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®`deXo`cZ±ac^RUT g deTZ6R
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T¢T\$TqbZ g Xd]bTWq g \eTTWac_` EzQP-^bRac_` 7[\ g Z6R
ac_bRTZ7d]p
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¡ Tq`ZmoZ g \ g X-d]_b[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